Abstract A pilot-scale experiment was set up in the laboratory with the purpose of investigating the most relevant aspects of the anaerobic digestion of municipal solid wastes (MSW), which are necessary for the preparation of future feasibility studies and cost-benefit analyses. The experiment consisted of a comparative analysis among three different lines of operation, each one consisting of three anaerobic MSW reactors (with unit volume of 700 L): conventional landfill (line 1), raw leachate recycling (line 2), and integrated treatment, with seeded leachate recycling (line 3). So, a UASB reactor was installed in the integrated treatment line with the purpose of removing the organic load of the leachate of the MSW reactors and utilising the biological sludge produced for inoculation of the waste digestion. The endogenous inoculation promoted in line 3, by means of recirculation of the leachate and return of the exceeding biological sludge produced in the UASB reactor, has favoured the initial fermentation stage and also the acceleration of the methanogenic phase.
Introduction
This paper addresses the most relevant aspects concerning the initial monitoring phase of an experiment carried out in the laboratory, which evaluates the influence of different operational variables on the anaerobic digestion of municipal solid wastes (MSW). So, the "integrated solid waste and leachate treatment system" is included among the three operation conditions investigated. Figure 1 illustrates the integrated treatment system proposed by Libânio (2002) , emphasising the flow diagram of the liquid, solid and gas phases.
The integrated system can be essentially characterised by the use of complementary units (landfill and anaerobic reactor), with endogenous inoculation of the filled solid waste mass, by means of continuous recycle of the liquid phase (treated effluent) and return of the excess biological sludge produced in the anaerobic treatment of the leachate.
The leachate recycle technique can contribute significantly to the improvement of the waste digestion conditions in landfills, since it maintains an adequate water content, which is essential for the various biochemical reactions, availability of nutrients and pH adjustment (Palma et al., 2000; González and Sánchez, 1996) .
Furthermore, the leachate recycling incorporates the waste mass to the leachate treatment, providing the reduction of part of the polluting load and, consequently, a lower demand on the subsequent treatment units. Ferreira et al. (2001) state that the leachate recycling provides a higher operational flexibility in enabling the management of the influent flows.
In evaluating the main variables of the anaerobic biostabilisation of the putrescible organic fraction of the municipal waste, the endogenous inoculation modality -raw leachate recycling (Teixeira, 1993) , seeded and treated leachate recycling (Pessin et al., 1997; Libânio, 2002) , or return of concentrated sludge produced in the treatment of these liquids (Russo and Vieira, 2000) -seems to be more advantageous than the exogenous inoculation -bovine excreta and rumen (Lima, 2000) , sludge from sanitary sewage (Leite et al., 1996) . In the inoculation with endogenous biomass, in which microorganism communities are developed from the system itself, such microorganisms are already adapted to inhibition factors and to the organic substrate, resulting in a higher probability of establishment of an equilibrium among the several populations.
Materials and methods
The experiments were carried out in 9 MSW reactors built with 2.50 m high fibre glass columns, internal diameter of 60 cm, with a volume of approximately 700 litres/reactor (Figure 2 ). Each reactor is equipped with two piezometers, devices for liquid and gas collection and leachate recycling and distribution (Figure 3) .
Firstly, the municipal solid wastes sampled in several regions of the municipality of Belo Horizonte, according to recommendations made by Tchobanoglous et al. (1993) , were characterised and confined in the 9 experimental reactors (360 kg of solid waste per reactor). Aiming at simulating the same environmental conditions found in sanitary landfill cells, each reactor received 200 litres of leachate collected from a recent cell (6 months of operation) of the sanitary landfill of the city of Belo Horizonte. The reactors were In addition, a UASB reactor made with PVC tubes and working volume of approximately 30 litres was installed in the operation line corresponding to the integrated treatment line (line 3), with the purpose of removing the organic load in the leachate and seeding MSW reactors with excess sludge produced (endogenous inoculation). The UASB reactor received initially the granulated biological sludge from another UASB reactor treating sanitary sewage.
In the integrated treatment line (line 3), leachate recycling rate was up to 17.1 L.d -1 per m 3 of solid waste after 140 days, being determined according to the hydraulic criteria and parameters usually adopted in the start-up of UASB reactors (Chernicharo, 1997) . Differently, in treatment line 2, the raw leachate drained from digesters was recycled at a constant rate of 9.5 L. d -1 .m -3 . Other details about the integrated treatment of leachate and solid waste, including UASB performance, are described by Libânio (2002) .
The evolution of the several physical-chemical parameters presented in this paper, except for the alkalinity and volatile fatty acids (VFA), established by Kapp's method (Buchauer, 1998) , was monitored according to laboratory analyses described in the Standard Methods for the Examination of Water and Wastewater (AWWA/APHA/WEF, 1998).
Results and discussion
After the initial task of loading digesters with MSW and leachate was finished, anaerobic digestion started to be monitored through analyses of leachate and gas samples, in order to evaluate organic substrate biodegradation and the possible influence of toxic materials in the inert fraction of solid waste. Figure 4 shows the relative distribution of solid waste components under treatment, obtained according to the sampling procedures already mentioned (Tchobanoglous et al., 1993) and classification criteria described by Libânio (2002) .
So, as the excess biological sludge produced was not periodically eliminated, the microbial cells that were contingently lost in the treated effluent of the UASB reactor returned to the MSW reactors, performing the inoculated digestion of the solid wastes confined therein. Over the operation period monitored, a biomass subject to the active degradation of the organic substrate present in the effluent from the reators (MSW digesters) was developed, with the conversion of the complex organic compounds (particulate COD) into other simpler compounds, and the conversion of the latter into methane and carbon dioxide.
After the first 100 days of operation of the system, procedures for adjusting the pH of the influent leachate to the UASB reactor to neutral values, adequate to the methanogenic activity, were carried out by means of the supplementation of bicarbonate alkalinity by adding a sodium hydroxide solution. The behaviour of the acid-base system over the initial 300 days of monitoring is shown in Figure 5 .
While the maintenance of a high concentration of volatile organic acids is still noticed in the conventional treatment line (line 1), a clearly reduced concentration of these compounds is recorded after the 240th and 120th days of operation in lines 2 and 3, respectively, which coincides with significantly increased bicarbonate alkalinity (Figure 6 ) and pH.
Increase of bicarbonate alkalinity concentration in line 3, after starting procedures for pH adjustment in UASB reactor influent, is also verified later in line 2, maybe because of the conversion processes of intermediate acids, proteins and amino acids into bicarbonate salts.
Since volatile fatty acids corresponded to the major percentage of soluble organic content in leachate drained from MSW digesters, representing the most available substrate for biological uptake, its reduction could also be noticed by the simultaneous drop in filtered (soluble) COD and volatile dissolved solids (VDS) concentrations, as shown in Figure 7 . obtained by means of hypothesis testing, confirm the earlier assumptions regarding the maintenance of the concentrations of volatile acids in line 1 and the significant decrease of these compounds in lines 2 and 3, from phases C and B, respectively. Additionally, the higher concentration of the most important species of volatile acids preceding methane formation in line 3 (Figure 8 ), determined just before the initial procedures for pH adjustment in line 3, as well as the higher percentage of methane in biogas at the same period (Figure 9) , show that the endogenous inoculation (leachate recycling combined with return of excess sludge generated in UASB reactor) favours the fermentation stage, with methanogenesis occurring even under what are considered unfavourable pH conditions (pH ≅ 5.5). Figure 8 shows that the increased production of methane gas in lines 2 and 3 coincides with a decrease of volatile acids in both lines. It can be explained by the large amount of organic substrate available and by the close relation between the assimilation of acidified organic matter and methane production.
Furthermore, it is interesting to note that methane concentrations in the biogas collected from all three treatment lines seem to have reached a common upper limit close to 60%, at 
Conclusions
The data obtained in the initial monitoring period revealed important information about operational variables and influence of environmental conditions over anaerobic digestion of municipal solid waste confined in experimental digesters. 1. Endogenous inoculation promoted in line 3, through leachate recycling and return of excess sludge generated in UASB reactor, might be favored in the initial anaerobic digestion stages, as higher concentrations of the most important volatile acid precursors of methane formation were determined in line 3, even before pH adjustment procedures. 2. Endogenous inoculation induced earlier intensification of methanogenic activity, confirmed by rapid depletion of soluble organic substrate (soluble COD, VFA and VDS) and significant improvement in methane production. 3. During the initial monitoring period, even at the considered inhibiting pH conditions (pH ≅ 5.5), it was possible to notice formation of methane in all experimental treatment lines. 4. Procedures for pH adjustment in UASB reactor influent to neutral values, adequate for methanogenesis, carried out by supplying bicarbonate alkalinity through addition of sodium hydroxide solution, promoted a considerable intensification of methanogenesis in the integrated treatment line (line 3). 5. Methane concentrations in biogas collected from all three treatment lines seem to have reached a common upper limit of about 60%, at different operating times. 6. It was also possible to verify in line 2, 120 days later, without supplying bicarbonate Line 1 Line 2 Line 3 Figure 9 Variation of methane production (including UASB reactor in line 3 overall gas production) and average methane percentiles in biogas collected from MSW digesters alkalinity, a similar behavior concerning acid-base equilibria, uptake of soluble organics and biogas production and composition.
